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1
PHOTOPLETHYSMOGRAPHY DEVICE AND
METHOD

RELATED APPLICATION INFORMATION

This application is a continuation of U.S. patent applica-
tion Ser. No. 13/653,233, filed on Oct. 16,2012, now U.S. Pat.
No. 8,868,149. The U.S. patent application Ser. No. 13/653,
233 is a continuation-in-part of U.S. patent application Ser.
No. 12/847,048, filed on Jul. 30, 2010, now abandoned, and is
a continuation-in-part of PCT/IL2010/000616, filed on Aug.
1, 2010. The U.S. patent application Ser. No. 12/847,048
claims priority from U.S. Provisional Patent Application Ser.
No. 61/229,741, filed on Jul. 30, 2009. All of the above-
mentioned patent documents are incorporated herein by ref-
erence in their entireties.

FIELD OF THE INVENTION

The present invention relates to a system and method for in
vivo measurement measurements of blood parameters (for
example, a light-absorption related blood analyte concentra-
tion parameter such as blood oxygen saturation) according to
one or more detected biological light response signals.

BACKGROUND AND RELATED ART

Pulse Oximetry

Pulse oximeter devices based on photoplethysmography
techniques are well known in the art. Wikipedia defines pulse
oximetry as “a non-invasive method allowing the monitoring
of the oxygenation of a patient’s hemoglobin.” The subject’s
skin at a ‘measurement location’ is illuminated with two
distinct wavelengths of light and the relative absorbance at
each of the wavelengths is determined.

Wikipedia describes usage of pulse oximeter devices as
follows:

A sensor is placed on a thin part of the patient’s body,
usually a fingertip or earlobe, or in the case of a neonate,
across a foot, and a light containing both red and infrared
wavelengths is passed from one side to the other. Chang-
ing absorbance of each of the two wavelengths is mea-
sured, allowing determination of the absorbances due to
the pulsing arterial blood alone, excluding venous
blood, skin, bone, muscle, fat, and (in most cases) fin-
gernail polish. Based upon the ratio of changing absor-
bance of the red and infrared light caused by the differ-
ence in color between oxygen-bound (bright red) and
oxygen-unbound (dark red or blue, in severe cases)
blood hemoglobin, a measure of oxygenation (the per-
cent of hemoglobin molecules bound with oxygen mol-
ecules) can be made.

FIG. 1 illustrates extinction curves for both hemoglobin
and oxihemoglobin. As is evident from FIG. 1, at a wave-
length in the visible red spectrum (for example, at 660 nm),
the extinction coefficient of hemoglobin exceeds the extinc-
tion coefficient of oxihemoglobin. At a wavelength in the near
infrared spectrum (for example, at 940 nm), the extinction
coefficient of oxihemoglobin exceeds the extinction coeffi-
cient of hemoglobin.

“Pulse Oximetry” by Dr. V. Kamat Indian J. Anesth. 2002;
46(4), 261-268 Kamat provides an overview of known fea-
tures of Pulse Oximetry. The Kamat document describes vari-
ous features of Pulse Oximetry as follows:

“The pulse oximeter combines the two technologies of
spectrophotometry (which measures hemoglobin oxygen
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2

saturation) and optical plethysmography (which measures
pulsatile changes in arterial blood volume at the sensor site).

Detection of oxygen saturation of hemoglobin by spectro-
photometry is based on Beer-Lambert law, which relates the
concentration of a solute to the intensity of light transmitted
through a solution. In order to estimate the concentration of a
light absorbing substance in a clear solution from the inten-
sity of light transmitted through the solution, one needs to
know the intensity and wavelength of incident light, the trans-
mission path length, and absorbance of the substance at a
specific wavelength (the extinction coefficient).

Modern pulse oximeters consist of a peripheral probe
together with a microprocessor unit displaying a waveform,
the oxygen saturation and the pulse rate. The probe is placed
on the digit, earlobe or nose. Within the probe are two LEDs,
one in the visible red spectrum (660 nm) and the other in the
infrared spectrum (940 nm). The beams of light pass through
the tissues to the photo detector. During passage through the
tissues some light is absorbed by blood and soft tissues
depending on the concentration of hemoglobin. The amount
oflight absorption at each frequency depends upon the degree
of oxygenation of hemoglobin within the tissues.

There are several technical problems in accurately estimat-
ing oxygen saturation by this method, as scatter, reflection
and absorbance of light by other tissue and blood components
could confound the values. The system needs to isolate absor-
bance of arterial blood from venous blood, connective tissue
and other extraneous matter. This can be accomplished easily
as arterial blood is pulsatile unlike other tissue. Thus the pulse
added signal can be distinguished from nonpulsatile signal by
filtering the extraneous noise.

The microprocessor can select out the absorbance of the
pulsatile fraction of the blood i.e. that due to arterial blood
(AQC), from the constant absorbance by nonpulsatile venous or
capillary blood and other tissue pigments (DC), thus elimi-
nating the effect of tissue absorbance to measure the oxygen
saturation of arterial blood.

The pulsatile expansion of the arteriolar bed produces an
increase in path length thereby increasing the absorbance. All
pulse oximeters assume that the only pulsatile absorbance
between the light source and the photodetector is that of
arterial blood. The microprocessor first determines the AC
component of absorbance at each wavelength and divides this
by the corresponding DC component. From the proportions
of light absorbed by each component at the two frequencies it
then calculates the ratio (R) of the “pulse-added” absorbance.

_ ACss0/DCes0
ACo40/DCoso

The AC fluctuation is due to the pulsatile expansion of the
arteriolar bed due to the volume increase in arterial blood in
the vasculature. In most conventional pulse oximeters, in
order to measure the AC fluctuation, measurements are taken
at different times including a first measurement time at or near
a ‘peak’ and at a second measurement time at or near a
“valley’ (see FIG. 2). The ‘peak’ and ‘valley’ measurements
are compared in order to compute the aforementioned R
parameter (often referred to as y in the literature).

Because difference in measured light absorption at the two
times is due primarily to the fact that the light needs to
traverse a different volume of blood at the two measurement
times, the measurement provided by pulse oximeters is said to
be a ‘volumetric measurement’ descriptive of the differential
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volumes of blood present at a certain location within the
patient’s arteriolar bed at different times.

In pulse oximetry, the light absorbance values measured at
different times are compared—for example, by comparing
(e.g. by computing some sort of difference function to deter-
mine the relative magnitudes of the AC and DC components)
a first measurement acquired at one of the (i is a positive
integer) ‘peak times’ tipeak with a measurement acquired at
one of the measurement acquired at one of the ‘valley times’
tivaney. Because the human pulse is typically on the order of
magnitude of one 1 HZ, typically the time differences
between these ‘pairs of time’ (i.e. one peak, one valley) are on
the order of magnitude of milliseconds or tens of milliseconds
or hundreds of milliseconds. Thus, in most conventional
oximeters, light absorbance measurements are acquired at a
frequency of around 10-100 of Hz.

Dynamic Light Scattering

Dynamic light scattering is a tool for measuring a variety of
blood parameters.

Dynamic light scattering (DLS) is a well-established tech-
nique to provide data on the size and shape of particles from
temporal speckle analysis. When a coherent light beam (laser
beam, for example) is incident on a scattering (rough) surface,
a time-dependent fluctuation in the scattering properties of
the surface and thus in the intensity of the light scattering
(transmission and/or reflection) from the surface is observed.
These fluctuations are due to the fact that the particles are
undergoing Brownian or regular flow motion and, so, the
distance between the particles is randomly changing with
time. This scattered light then undergoes either constructive
or destructive interference with the light scattered by sur-
rounding particles that results in the random intensity fluc-
tuations. Within these intensity fluctuations information
about the time scale of particles movement is contained. The
scattered light forms the speckle pattern, being detected in the
far diffraction zone. The laser speckle is a random interfer-
ence pattern produced at the screen or photodetector plane by
the coherent light reflected or scattered from different spots
on the illuminated surface. If the scattering particles are mov-
ing, a time-varying speckle pattern is generated. The intensity
variations of this pattern contain information about the scat-
tering particles. The detected signal is amplified and digitized
for further analysis by using the autocorrelation function
(ACF) technique. The technique is realized either by hetero-
dyne or by a homodyne DLS setup.

As discussed in WO 2008/053474, incorporated herein by
reference in its entirety, DLS may be used to probe blood
parameters during occlusion (see FIG. 5 of WO 2008/053474
and the accompanying discussion) such that it is possible to
derive viscosity and ‘scatterer size’ (in this case, average size
of red blood cell aggregates or Rouleaux).

DLS techniques are not limited to measurements of post-
occlusion signals. DLS techniques are also useful for deter-
mining a local pulse rate of the subject at the ‘measurement
site’ illuminated by the coherent light according to the local
optical properties of the measurement sight. The skilled arti-
san is referred, for example, to FIG. 9 of WO 2008/053474
and the accompanying discussion.

In contrast to photoplethysmography which is used to mea-
sure time-dependent volumetric properties of blood from
light intensity measurements descriptive of a transmission
optical path length between a light source and a photodetec-
tor, DLS techniques are employed to measure time-depen-
dent velocities of scatterers (i.e. red-blood cells or aggregates
thereof) suspended within the plasma. In one example, it is
possible to analyze rapid fluctuations of the light response
signal to determine Brownian velocities of particles during
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occlusion (see FIG. 5 of WO 2008/053474 and the accompa-
nying discussion). In another example, it is possible to deter-
mine a blood velocity changes profile within a blood vessel
for the laminar flow of suspended scatterers (i.e. red-blood
cells or aggregates thereof). From the flow profile a magni-
tude of shear forces within the blood vessels can be easily
determined.

Both PPG and DLS techniques may be employed to derive
blood dynamic parameters from the dynamic response of
living tissue to light. However, speckle analysis should entail
acquiring measurement data values at a much greater fre-
quency (and comparing/computing functions of these mea-
surement data values) than is needed for photoplethysmog-
raphy—for example, a frequency of at least 3 kHZ or at least
5 kHZ or at least 10 kHZ. For example, in many implemen-
tations, measurement values having ‘time gaps’ of less than
one half of a millisecond are compared to compute the veloc-
ity of a scatterer.

One salient feature provided by some embodiments of
DLS is the ability to compute a blood rheological parameter
according to “very short time scale trends’ (i.e. as opposed to
only average values). Thus, one or more DLS measurements
may be carried out in accordance with a difference of mea-
surement values that are separated, in time, by less than one
millisecond or less than 0.5 millisecond. This is because DLS
may measure ‘rapidly-fluctuate physical phenomena’ which
fluctuate on a sub-millisecond time scale. Conventional PPG
devices operate (for example, to derive concentration param-
eters) by quantifying data trends over a time scale of around
10 milliseconds.

In one example, autocorrelation techniques are used. In
another example, power spectrum techniques are used. In yet
another example, it is possible to compute standard devia-
tions of the ‘frequent measurements’ where consecutive mea-
surements have time gaps ofless than 0.5 milliseconds. These
statistical functions (or any other statistical function) may be
computed for at least 100 measurements that occur within a
period of time that is at most 40 milliseconds or for at least
250 measurements that occur within a period of time that is at
most 100 milliseconds or for at least 500 measurements that
take place within a time period that is at most 200 millisec-
onds.

As shown in FIG. 3, there are two types of dynamic light
scattering measurements. The example on the left hand side
of FIG. 3 relates to ‘single scattering’ whereby photons emit-
ted by the coherent light source 104 collide only once (and are
hence redirected) with one of the scatterers (typically a RBC
or an aggregate thereof) before being re-directed by the scat-
terer and reaching photodetector 108. In the example on the
right hand side of FIG. 3, the photons are subjected to mul-
tiple collisions with scatterers before reaching the photode-
tector. In the example of FIG. 3, for the ‘single scattering
case’ the offset distance d1 between light source 104 photo-
detector 108 is relatively small—for example, less than 4 mm
or less than 3 mm or less than 2.5 mm. For the ‘multiple
scattering case’ the offset distance d2 between light source
104 photodetector 108 may be larger—for example, at least 6
mm or around 10 mm.

The aforementioned examples where DLS is used to detect
pulse rate, plasma viscosity or RBC aggregate size may relate
primarily to the ‘single scatter’ case where a DLS measure-
ment based primarily on single-scatter events is carried out. In
addition, WO 2008/053474 discussed a ‘multiple scatter’
application (with reference to FIG. 18 of WO 2008/053474
and to the accompanying discussion on page 20) where a DL.S
measurement of oxygen saturation based primarily on mul-
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tiple-scatter events is carried out. This specific example
relates to ‘multi-wavelength’ DLS.

The following patent documents and non-patent publica-
tions describe potentially relevant background art, and are
each incorporated herein by reference in their entirety: WO
2008/053474, U.S. Pat. Nos. 4,928,692, 4,960,126, 6,793,
256, 6,763,256; 5,598,841, 6,553,242, 7,336,982 and 7,018,
338.

SUMMARY OF EMBODIMENTS

Embodiments of the present invention relate to a method
and apparatus whereby a light—absorption related blood ana-
lyte concentration parameter(s)' may be determined accord-
ing to a temporal correlation between photoplethysmography
data (e.g. pulse oximeter data) and DLS data. One salient
feature of the DLS data is that it provides a ‘rheological
measurement’ of the flow conditions that prevail within the
subject’s peripheral blood vessels. As will be discussed
below, the aforementioned one ‘rheological pulse measure-
ment’ may provide a description of the timing and/or wave
form of the pulse-induced pressure wave within the periph-
eral blood vessels that is both accurate as well as robust (e.g.
much more robust than PPG measurements) to ‘noise’ such as
motion artifacts and the presence of (or motion of) venous
blood a the PPG measurement site.

Not wishing to be bound by any particular theory, the
present inventors have observed that (i) DLS is a useful tool
for measuring temporal or spatial changes in shear stress due
to blood flow changes within peripheral blood vessels which
are typically small; (ii) the local shear stress measurement
provides an accurate description of the pulse-induced pres-
sure wave even in small blood vessels; and (iii) by effecting a
DLS measurement and/or measurement of shear stress within
the peripheral blood vessels it is possible to directly probe the
pulse-induced pressure wave within the subject’s peripheral
blood vessels (for example, at or near the measurement loca-
tion). A ‘rheological measurement device’ (e.g. DLS device)
may ‘directly measure’ the pulse-induced pressure wave by
reflection energy from and/or driving energy through at least
a portion of a blood vessel (e.g. peripheral blood vessel) and
analyzing patters in energy reflected by and/or deflected by
and/or transmitted through the peripheral blood vessels.

Examples of light-absorption related blood analyte con-
centration parameter include but are not limited to blood
oxihemoglobin saturation, blood oxihemoglobin absolute
concentration and blood carboxyhemoglobin concentration
or saturation.

According to a first embodiment, it may be useful to syn-
chronize the photoplethysmography data ‘around’ the local-
pulse descriptive additional data (for example, DLS data,
local shear stress data, or any other local-pulse descriptive
data acquired by locally probing the pressure pulse-induced
pressure wave). This synchronization may be useful in order
to associate each photoplethysmography measurement with a
particular stage or phase of the pulse-induced local pressure
wave (which may mimic the cardiac cycle and thus include
systolic and diastolic stages and sub-stages thereof).

In one example, it is possible to determine from the DLS
data which photoplethysmography measurements are
acquired at a point in time ‘near the peak” and which photop-
lethysmography measurements are acquired ‘near the valley’
associated with the local pressure wave within the patient’s
blood vessels. This measured local pulse timing information
may be useful for properly interpreting the pulse photopl-
ethysmography measurements in order to determine the rela-
tive contributions of the AC and DC components to the
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absorption signal measured by the photoplethysmography
device. In this way, it is possible to use the DLS measure-
ments as a ‘temporal trigger’ for interpreting the photopl-
ethysmography measurements.

Using the ‘additional local signal’ obtained by locally
probing the pulse-driven pressure wave may be particularly
useful when the photoplethysmography data is relatively
‘noisy’ so that timing of photoplethysmography measure-
ments relative to the pulse-induced local pressure wave at the
measurement site is not always clear a priori. For example,
this may occur under poor perfusion conditions and/or when
the photoplethysmography (PPG) signal is a reflection pho-
toplethysmography signal such as a reflection oximetry sig-
nal (rather than a transmission oximetry signal) and/or in
situations where motion artifacts are significant.

According to a second embodiment, it may be possible to
attach more significance (i.e. for the purpose of computing a
light-absorption related blood analyte concentration param-
eter(s)) to photoplethysmography data acquired at times
when there is a stronger correlation between photoplethys-
mography data and the additional data obtained by locally
probing the pulse-driven pressure wave. Other data acquired
at times when the correlation is weaker may be either dis-
carded or assigned a lesser weight when computing a tempo-
ral-weighted average of input data to obtain the light-absorp-
tion related blood analyte concentration parameter.

In one example, this may be useful for de-emphasizing
time periods where contribution of motion artifacts to the
photoplethysmography measurement signal is more signifi-
cant. In another example, this may be useful for correcting for
the presence of venous blood (for example, venous blood
whose dynamics is, at least in part, pulse or/and motion-
driven).

For the particular case of DLS measurements (i.e. where
the ‘additional data obtained by locally probing the pulse-
driven pressure wave’is DLS data), the present inventors have
observed that under good perfusion conditions and when
motion artifacts do not play a significant role the correlation
between the DLS signal and the derivative of the plethysmog-
raphy signal.

Although the present inventors believe that shear stress
measurements provide a particularly useful tool for directly
probing the pulse-induced pressure wave within a peripheral
blood vessel, it is now disclosed that other techniques and
tools may be used to directly probe the pulse-induced pres-
sure wave within the peripheral circulatory system for the
purpose of improving the accuracy of photoplethysmography
measurements of light-absorption related blood analyte con-
centration.

Tools and/or techniques for carrying out this ‘rheological
measurement’ of the pulse-driving pressure wave within the
peripheral circulatory system include but are not limited to:
(1) acoustic or optical Doppler measurements of flow velocity
(for example, by measuring the velocities of suspended par-
ticles) or a flow velocity profile at or near the measurement
location; (ii) measurements of skin impedance at or near the
measurement location; (iii) measurements of light interfer-
ence or of light frequency shifts (e.g. of coherent light) at or
near the measurement location; and (vi) an acoustic or pho-
toacoustic measurement (for example, ultrasound measure-
ment) of the skin.

It is now disclosed a method of measuring one or more
light-absorption related blood analyte concentration param-
eters of a mammalian subject, the method comprising:

(a) effecting a photoplethysmography (PPG) measurement

of the subject by illuminating skin of the subject with at
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least two distinct wavelengths of light and determining
relative absorbance at each of the wavelengths;

(b) effecting a dynamic light scattering measurement
(DLS) of the subject to rheologically measure a pulse
parameter of the subject;

(c) temporally correlating the results of the PPG and DLS
measurements; and

(d) in accordance with the temporal correlation between
the PPG and DLS measurements, assessing value(s) of
the one or more light-absorption related blood analyte
concentration parameter(s).

In some embodiments, blood analyte concentration param-
eter is selected from the group consisting of a blood oxihe-
moglobin concentration parameter, a blood carboxyhemo-
globin concentration parameter and an arteriovenous oxygen
difference (AV difference) parameter.

In some embodiments, the temporal correlating and/or
value assessing includes:

(1) determining from the measurement of step (b) a descrip-

tion of a pulse timing; and

(ii) in accordance with the DLS pulse-timing determining,
associating each PPG measurement of a plurality of
measurements with a different respective pulse-relative
time value describing a pulse-relative temporal position
of'the PPG measurement within the pulse; and

(iii) determining the light-absorption related blood analyte
concentration parameter in accordance with pulse-rela-
tive temporal positions.

In some embodiments, the pulse-relative temporal position

describes at least one of:

(1) a time elapsed between the occurrence of a pulse event
and the subsequent measurement time of PPG data; and

(ii) a time elapsed between the measurement time of PPG
data and an occurrence of a subsequent pulse event.

In some embodiments, the pulse event is selected from the
group consisting of an initiation of the systolic phase, a peak
of the systolic phase, an initiation of the diastolic phase, and
a zero-crossing of a time derivative of a pulse value.

In some embodiments, the DLS is single scattering DLS
and/or single wavelength DLS.

In some embodiments, the DLS measurement and the PPG
measurements are local to each other.

In some embodiments, step (d) includes:

(1) computing a parameter descriptive of the temporal cor-
relation between measurements of step (b) and step (c);
and

(ii) in accordance with the computed temporal correlation
parameter, determining a time-dependent PPG data
quality value associated with each PPG measurement;
and

(iii) computing the light-absorption related blood analyte
concentration parameter(s) by assigning greater weight
to PPG data having a higher data quality value and lesser
or no weight to PPG data having a higher data quality
value.

It is now disclosed a method of measuring one or more
light-absorption related blood analyte concentration param-
eters of a mammalian subject, the method comprising:

(a) effecting a photoplethysmography (PPG) measurement
of'the subject by illuminating skin of the subject with at
least two distinct wavelengths of light and determining
relative absorbance at each of the wavelengths;

(b) effecting a non-PPG rheological pulse measurement to
rheologically measure a pulse parameter of the subject;

(c) temporally correlating the results of the PPG and rheo-
logical measurements; and
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(d) in accordance with the temporal correlation between
the PPG and rheological pulse measurements, assessing
value(s) of the one or more light-absorption related
blood analyte concentration parameter(s).

In some embodiments, the effecting of the non-PPG rheo-

logical pulse measurement includes effecting at least one of:

(a) a speckle analysis;

(b) a measurement of a blood shear stress;

(c) a light interference measurement;

(d) a acoustic or optical Doppler measurement; and

(e) an electrical impedance measurement.

In some embodiments, the blood analyte concentration
parameter is selected from the group consisting of a blood
oxihemoglobin concentration parameter, a blood carboxyhe-
moglobin concentration parameter and an arteriovenous o0xy-
gen difference (AV difference) parameter.

It is now disclosed a method of measuring blood param-
eters of a mammalian subject, the method comprising:

(a) effecting a photoplethysmography (PPG) measurement
of the subject by illuminating skin of the subject with at
least two distinct wavelengths of light and determining
relative absorbance at each of the wavelengths;

(b) effecting a dynamic light scattering measurement
(DLS) of the subject to rheologically measure a pulse
parameter of the subject;

(c) temporally correlating the results of the PPG and DLS
measurements; and

(d) in accordance with the temporal correlation between
the PPG and DLS measurements, assessing a venal con-
tribution and/or relative contributions of arterial and
venal blood to one or more light-absorption related
blood analyte concentration parameter(s).

It is now disclosed a method of measuring one or more
light-absorption related blood analyte concentration param-
eters of a mammalian subject, the method comprising:

(a) effecting a photoplethysmography (PPG) measurement
of the subject by illuminating skin of the subject with at
least two distinct wavelengths of q light and determining
relative absorbance at each of the wavelengths;

(b) effecting a non-PPG rheological pulse measurement to
rheologically measure a pulse parameter of the subject;

(c) temporally correlating the results of the PPG and rheo-
logical measurements; and

(d) in accordance with the temporal correlation between
the PPG and rheological pulse measurements, assessing
a venal blood contribution and/or relative contributions
of arterial and venal blood to one or more light-absorp-
tion related blood analyte concentration parameter(s)
and/or relative volumes or flow rates of arterial and venal
blood.

It is now disclosed a method for measuring one or more
light-absorption related blood analyte concentration param-
eters of a mammalian subject, the system comprising:

(a) a photoplethysmography (PPG) device configured to
effect a PPG measurement by illuminating skin of the
subject with at least two distinct wavelengths of light
and determining relative absorbance at each of the wave-
lengths;

(b) a dynamic light scattering measurement (DLS) device
configured to effect a DLS measurement of the subject to
rheologically measure a pulse parameter of the subject;
and

(c) electronic circuitry configured to:

(1) temporally correlate the results of the PPG and DLS
measurements; and

(i) in accordance with the temporal correlation between
the PPG and DLS measurements, assess value(s) of
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the one or more light-absorption related blood analyte
concentration parameter(s).

It is now disclosed a system for measuring one or more
light-absorption related blood analyte concentration param-
eters of a mammalian subject, the system comprising:

(a) a photoplethysmography (PPG) device configured to
effect a PPG measurement by illuminating skin of the
subject with at least two distinct wavelengths of light
and determining relative absorbance at each of the wave-
lengths;

(b) a dynamic light scattering measurement (DLS) device
configured to effecta DL.S measurement of the subject to
rheologically measure a pulse parameter of the subject;
and

(c) electronic circuitry configured to:

(1) temporally correlate the results of the PPG and DLS
measurements; and

(ii) in accordance with the temporal correlation between
the PPG and DLS measurements, assess a venal blood
contribution and/or relative contributions of arterial
and venal blood to one or more light-absorption
related blood analyte concentration parameter(s) and/
or relative volumes or flow rates of arterial and venal
blood.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates extinction curves for both hemoglobin
and oxihemoglobin (prior art).

FIG. 2 illustrates the time-dependent light absorption curve
as measured by oximeters and the time dependency of various
components contributing to light absorption (prior art).

FIG. 3 illustrates the difference between single-scatter
DLS and multiple-scatter DLS.

FIG. 4 illustrates shear flow (e.g. oscillatory shear flow)
within a peripheral blood vessel.

FIG. 5 illustrates experimental data describing the rela-
tively strong (and relatively consistent) temporal correlation
between PPG and DLS signals under conditions where
motion artifacts (or other noise) are relatively unimportant.

FIG. 6 illustrates experimental data describing the weaker
and/or intermittent temporal correlation between PPG and
DLS signals under conditions where motion artifacts (or
other noise) are relatively unimportant.

FIGS. 7A-7B respectively illustrate a flow chart of a rou-
tine and a block diagram of an apparatus for measuring a
blood oxygen saturation parameter according to PPG and
DLS measurement in accordance with some embodiments.

FIGS. 8A-8B illustrate certain routines for measuring a
blood oxygen saturation parameter according to PPG and
DLS measurement in accordance with some embodiments.

FIG. 9 illustrates certain optical component geometries
according to some embodiments.

FIGS. 10A-10B illustrate a wrist-deployed derive for mea-
suring a blood oxygen saturation parameter.

FIGS.11A-11C and FIG. 5 relate to a certain use scenario
where it is possible to obtain a corrected blood oxygen satu-
ration parameter that is corrected for the presence of venous
blood.

FIGS. 12A-12E relate to a experimental scenario where it
is possible to obtain a corrected blood oxygen saturation
parameter that is corrected to deemphasize motion artifacts.

FIGS. 13, 14, and 15A-15F relate to DLS apparatus, rou-
tines, and experiments for locally measuring a pulse-induced
local pressure wave within a peripheral blood vessel.

FIGS. 16A-16B respectively illustrate a flow chart of a
routine and a block diagram of an apparatus for measuring a
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blood oxygen saturation parameter according to a PPG mea-
surement and an additional local measurement of a pulse-
induced local pressure wave within the peripheral blood ves-
sel in accordance with some embodiments.

DETAILED DESCRIPTION OF EMBODIMENTS

The claims below will be better understood by referring to
the present detailed description of example embodiments
with reference to the figures. The description, embodiments
and figures are not to be taken as limiting the scope of the
claims. It should be understood that not every feature of the
presently disclosed methods and apparatuses is necessary in
every implementation. It should also be understood that
throughout this disclosure, where a process or method is
shown or described, the steps of the method may be per-
formed in any order or simultaneously, unless it is clear from
the context that one step depends on another being performed
first. As used throughout this application, the word “may” is
used in a permissive sense (i.e., meaning “having the potential
t0’), rather than the mandatory sense (i.e. meaning “must”).

A number of features are described in the present disclo-
sure. The skilled artisan will appreciate that any embodiment
will provide any combination of features described herein.

Embodiments of the present invention relate to the obser-
vations that (i) both optical plethysmography (PPG) signals
(e.g. an oximeter signal) and the DLS signal obtained by
speckle analysis are temporally correlated to the pulse-driven
pressure wave within the subject’s peripheral blood vessels
under ‘ideal conditions’ (for example, ‘good perfusion’ con-
ditions and/or when the oximeter data is from a transmission
oximeter and/or when the role of motion artifacts is mar-
ginal); (ii) in less ideal situations the strength of the temporal
correlation between the DLS signal and the pulse-driven pres-
sure wave in peripheral blood vessels exceeds (maybe even
greatly exceeds) the strength of the temporal correlation
between the PPG signal and the pulse-driven pressure wave in
peripheral blood vessels.

Notwithstanding the fact that both DLS measurements and
PPG measurements are both derived from optical responses
of the subject’s blood at substantially a single measurement
location, the strength of the temporal correlation of the DLS
signal to the timing of the pressure wave in peripheral blood
vessels may be much more ‘robust’ than that of the PPG
signal. As such, it may be possible to rely on the fact that even
under poor perfusion conditions and/or in the presence of
motion artifacts, the DLS measurement still provide a reason-
ably accurate description of the timing of the local pulse-
driven pressure wave at the PPG-signal measurement site.

This peripheral-blood-vessel pulse timing data (i.e. which
is derived from DLS measurements and/or direct measure-
ments of the sheer stress) can be correlated with the PPG
signal in order to associate each PPG measurement with a
respective elapsed time since a most recent pulse event (e.g.
initiation of the systolic phase, peak of the systolic phase,
initiation of the diastolic phase or any other pulse event). In
one example, it is possible to more accurately determine
relative magnitudes of the AC and DC contributions to the
PPG signal if it is known that a first PPG measurement occurs
at a time that is substantially a wave ‘peak’ time and if a
second PPG measurement occurs at a time that is substan-
tially a wave ‘valley’ or ‘trough’ time—in this case, the dif-
ference between the first and second PPG measurements may
describe the AC contribution to the PPG signal.

The aforementioned technique for determining the relative
magnitudes of the AC and DC contributions according to
peaks and valleys described in the previous paragraph is not
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intended as limiting. It will be appreciated that other routines
for determining the relative magnitudes of the AC and DC
contributions to the PPG signal may employ timing informa-
tion of the DLS measurement and/or measurement of the
oscillatory shear stress and/or any other local measurement of
the timing ofthe pulse-induced local pressure wave in periph-
eral blood vessels.

As noted above, the present inventors have observed that
shear stress measurements and/or flow profile measurements
may be very useful for determining timing of the pulse-driven
pressure wave in peripheral blood vessels.

DLS devices are a useful tool for directly measuring a
location-dependent shear stress field within a peripheral
blood vessel (i.e. a blood vessel which may be ‘small’). In
living subjects, pulse-induced pressure waves propagate
within the subject’s circulatory system. At each location
within the subject’s circulatory system, the wave form and/or
phase of the pressure wave may differ. The present inventors
believe that by ‘directly’ measuring the shear stress field
changes (i.e. which describes the flow field) in peripheral
blood vessels, it is possible to obtain a relatively accurate and
robust description of the wave form and/or timing of the
pressure wave in peripheral blood vessels. As noted above, it
is possible to temporally correlate this wave form and/or
timing information with PPG measurement data to obtain a
more accurate measurement of an oxygen saturation param-
eter even under relatively ‘poor’ perfusion conditions.

Reference is now made to FIG. 4, illustrating pressure
wave propagation in elastic vessel 1100 filled by the fluid
1101. Pressure changes cause local movements of the fluid
1101 and vessel wall 1102 in the form of a wave, so local
velocity gradient (shear rate) 1103 oscillate. A more in-depth
discussion describing the relationship between measured
shear stress, DLS measurement and the pulse-timing features
of the pulse-induced pressure wave in peripheral blood ves-
sels is provided below with reference to FIGS. 13, 14, and
15A-15F.

Embodiments of the present invention relate to the case
where the ‘second measurement’ (i.e. other than the PPG
measurement—for example, the rheological pulse measure-
ment) is a direct measurement of a peripheral blood vessel.
This is one preferred embodiment and not a limitation. In
some embodiments, one or more of the PPG or the ‘other’
measurement (e.g. DLS) may be a direct measurement of
another ‘extra-cardial’ (i.e. outside of the heart) location. For
example, it may be possible to effect a PPG and/or DLS
measurement even of the patient’s neck (or any other ‘poor
perfusion location’) to probe blood vessels other than periph-
eral blood vessel.

DEFINITIONS

For convenience, in the context of the description herein,
various terms are presented here. To the extent that definitions
are provided, explicitly or implicitly, here or elsewhere in this
application, such definitions are understood to be consistent
with the usage of the defined terms by those of skill in the
pertinent art(s). Furthermore, such definitions are to be con-
strued in the broadest possible sense consistent with such
usage.

The term ‘concentration parameter’ relates both to absolute
concentrations as well as relative concentrations (for
example, a saturation parameter; for example, a concentra-
tion relative to overall hemoglobin concentration or relative a
concentration of another hemoglobin complex). A light-ab-
sorption related blood analyte concentration parameter
relates to a concentration of a blood analyte having a distinc-
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tive absorption spectrum whose absolute or relative concen-
tration is derivable from light absorption measurements.
Examples of such blood analytes include oxihemoglobin and
carbohyhemoglobin. In contrast, glucose is not a “light-ab-
sorption related blood analyte” because blood-residing glu-
cose lacks the distinctive absorption spectrum.

The “light-absorption related blood analyte concentration
parameter” may relate to the type of analyte (for example,
oxihemoglobin or carbohyhemoglobin) as well as the type of
blood (i.e. pulsatile or non-pulsatile blood, venous blood or
arterial blood). A sum or difference or other function of a
light-absorption related blood analyte concentration param-
eter may be considered a ‘composite light-absorption related
blood analyte concentration parameter.” One example of a
‘composite light-absorption related blood analyte concentra-
tion parameter’ is “arteriovenous oxygen difference” (AV
difference) which reflects a difference between the oxygen
content of arterial blood and mixed venous blood, and may be
an important parameter, for example, in the field of anesthe-
siology.

In one example, the light-absorption related blood analyte
concentration parameter(s)) is the concentration of HbO2 or
is SPO2 which equals HbO2/(Hb+HbO2).

In another example, the light-absorption related blood ana-
lyte concentration parameter(s)) is the concentration of car-
boxyhemoglobin (HbCO) or the carboxyhemoglobin satura-
tion (i.e. the ratio HbCO/(Total Hb) or MethHb/(Total
Hemoglobin)).

In other embodiments, the light-absorption related blood
analyte concentration parameter(s)) may relate to a concen-
tration or saturation of any other derivative of Hemoglobin
with a distinct spectrum feature It is appreciated that while the
specific application of blood oxygen may relate to specific
wavelengths described herein, the skilled artisan will be able
to employ additional wavelengths (i.e. depending on the spe-
cific characteristics of the absorption spectrum) when mea-
suring concentration-related parameters of other blood ana-
lyte (for example, other hemoglobin complexes).

The term ‘direct measurement” (as opposed to ‘indirect
measurement’) does not relate to whether or not a measure-
ment entails an invasive procedure (for example, obtaining a
blood sample). Instead, the term ‘direct measurement’ relates
to a measurement primarily based on analyzing some sort of
energy (for example, electromagnetic radiation such as light
or other EM radiation, acoustic energy such as ultrasound,
electrical currents for electrical impedance) which traverses
and/or is deflected by and/or is reflected by a peripheral blood
vessel or blood within the peripheral blood vessel. For the
example of DLS devices, the energy is at least partially coher-
ent light. The ‘rheological measurement’ of pulse is a ‘direct
measurement’ of the pulse-induced pressure wave that is car-
ried out by reflecting energy from and/or driving energy
through at least a portion of a blood vessel such as an ‘extra-
cardial blood vessel’ outside of the heart (for example, a
peripheral blood vessel) and analyzing patters in energy
reflected by and/or deflected by and/or transmitted through
the peripheral blood vessels to probe flow patterns within the
peripheral blood vessels. Parameters that may be measured in
‘rheological measurement’ include sheer stress, a flow pro-
file, and suspended-particle velocity.

Optionally, and in some embodiments preferably, the
‘rheological measurement’ and/or DLS measurement may be
a ‘local measurement’ substantially at (or near) the ‘PPG
measurement site.” For example, there may be a stronger
correlation between the pulse signal at the PPG measurement
site with other ‘local’ locations (and/or locations that are
‘substantially the same”’).
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A ‘PPG measurement site’ is the location where light is
reflected and/or transmitted and/or deflected by biological
tissue and/or blood. A location that is ‘local’ to the PPG
measurement site (or ‘substantially at the same location’) is a
location that is close to the measurement site—for example,
less than 50 cm from or less than 40 cm from or less than 30
cm from or less than 20 cm or less than 10 cm or less than 5
cm or less than 3 cm or less than 2 cm or less than 1 cm from
the measurement site). For this definition, it is appreciated
that distance is measured along the surface of the skin rather
than a Cartesian distance.

The present inventors have carried out a number of experi-
ments illustrating the correlation between the PPG signal and
the DLS signal (or another ‘rheological pulse’ signal) under
various conditions. In a first experimental scenario (see FIG.
5; FIGS. 11A-11C relate to techniques for processing the data
of FIG. 5), the subject was relatively motionless at a time
when the PPG and the DLS measurement data were acquired.
In a second experimental scenario (see FIGS. 6, and 12A-
12B; FIGS. 12C-12E relate to techniques for processing the
data of FIGS. 6, and 12-12B), the subject was in motion part
of the time while the PPG and DLS measurement data was
acquired.

FIG. 5 illustrates experimental data describing the rela-
tively strong (and relatively consistent) temporal correlation
between PPG and DLS signals under conditions where
motion artifacts (or other noise) are relatively unimportant.

FIG. 6 illustrates experimental data describing the weaker
and/or intermittent temporal correlation between PPG and
DLS signals under conditions where motion artifacts (or
other noise) are relatively unimportant.

It may be observed from FIGS. 5-6 that the strength of the
correlation of the DLS signal to the PPG signal is noticeably
sensitive to motion artifact.

FIG. 7A is a flow chart of routine for deriving one or more
light-absorption related blood analyte concentration param-
eter(s)) (for example, a blood oxygen saturation) according to
some embodiments of the invention. In step S101, a PPG
measurement is carried out at a measurement location. This
may be carried out by any optical PPG device including but
not limited to ‘reflection’ type PPG devices such as reflection
oximeters (see, for example, FIGS. 10A and 10B or any other
reflection device) and transmission PPG devices (e.g. trans-
mission oximeters). This may be carried out at any location on
the patient including ‘traditional PPG/oximeter locations’
such as the ear lobe or finger tip as well as ‘non-traditional’
PPG/oximeter locations such as the write, forearm, upper
arm, leg, chest or any other location.

In step S105, a DLS measurement and/or a measurement of
the shear stress within a peripheral blood vessel and/or mea-
surement of the local flow profile within the peripheral blood
vessel is acquired at or near the measurement location. In step
S109, light-absorption related blood analyte concentration
parameter(s)) (for example, blood oxygen saturation) may be
computed according to a function of the PPG and DLS mea-
surement (for example, according to a temporal correlation
between the PPG and DLS signals). One routine for effecting
step S109 is described with reference to FIG. 8A; another
routine for effecting step S109 is described with reference to
FIG. 8B.

FIG. 7B is a block diagram of an apparatus 200 for mea-
suring a light-absorption related blood analyte concentration
parameter(s)) parameter in some embodiments. The appara-
tus 200 may include a PPG device 210, a DLS device 214,
electronic circuitry 218 (for example, for processing the PPG
and DLS data—for example, to effect the temporal correla-
tion or to carry out any routine for computing a blood oxygen
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parameter described herein) and a display screen 222 (or any
other data presentation or data transmission device including
but not limited to an audio speaker and a wireless transmitter).
It is appreciated that some components may be optionally
shared between elements—for example, PPG and DLS
device might share common electronic circuitry or may each
respectively include their own electronic circuitry; further-
more, electronic circuitry 218 may be provided as a sepa-
rately from both the PPG and DLS device, or may be includ-
ing with the DLS or PPG circuitry).

In one non-limiting example, the PPG device can measure
carbon carboxyhemoglobin concentration (e.g. either abso-
lute concentration or a ‘saturation value’ relative to the total
hemoglobin concentration). In this example, it might be
advantageous to provide an audio alarm instead of or in addi-
tion to screen 222 to warn a user of dangerous blood carbon
monoxide levels.

FIGS. 8A-8B are flow charts of exemplary implementa-
tions of step S109. The skilled artisan will appreciate that
these techniques may be combined with each other or other
techniques.

In step S311 of FIG. 8A, the PPG measurements are tem-
porally correlated with the DLS measurements to estimate a
respective pulse-timing score—e.g. a respective elapsed time
since a past pulse event within the peripheral circulatory stem
or an amount time that will elapse before a future pulse event.

In one non-limiting example, the ‘pulse event” may be the
commencement of the ‘pulse cycle’—for example, the com-
mencement of the ‘systolic stage’ of the pulse. However, this
is not a limitation, and it is possible to measure using DLS (or
any other direct peripheral blood vessel pulse measurement
device or any other rheological pulse measurement device)
multiple pulse events and to temporally correlate the PPG
signal with each of the pulse events to compute, at step S315,
a concentration parameters (for example, according to
respective timing scores such as elapsed time relative to all of
the pulse event). In some embodiments, the frequency of the
rheological and/or direct measurements of peripheral blood
vessel pulse (i.e. which are used as multiple trigger times or
synchronization times around which the PPG signal can be
synchronized or temporally correlated for the purpose of
computing a concentration parameter) may be one or more of
(i) atleast 2 or atleast 5 or at least 10 or at least 50 rheological
pulse measurements and/or pulse events within a single pulse
cycle; and/or (ii) at least 2 or at least 5 or at least 10 or at least
50 pulse events 50 rheological pulse measurements and/or
within a second. In some embodiments, these pulse events
and/or rheological pulse measurements may be relatively
‘evenly spaced’ in time at a substantially constant frequency.

Exemplary pulse events include but are not limited to: (i)
the commencement of the systolic or diastolic phase of the
pulse, (ii) a slope event (i.e. where the first time derivative of
the pulse signal changes sign or exceeds a number whose
absolute value is at least 0.5 or at least 1 or at least 2 or at least
5 or at least 10 or any other number); (iii), a signal second
derivative event (i.e. where the second time derivative of the
pulse signal changes sign or exceeds a number whose abso-
lute value is at least 0.5 or at least 1 or at least 2 or at least 5
or at least 10 or any other number); (iii) a ‘linger time event’
(i.e. where the value of the pulse signal or any time derivative
thereof stays within a range (e.g. near zero or away from zero)
for any measurable period of time); (iv) a ‘spike event’—the
occurrence of a brief spike (e.g. of duration less than 100 or
less than 50 or less than 20 or less than 10 or less than 5
milliseconds) within the pulse signal or a time derivative
thereof; and (v) a ‘flat pulse event” where the pulse or a time
derivative thereof stays substantially constant for any period
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of time that exceeds a time threshold (for example, at least 5
or at least 10 or at least 20 or at least 50 or at least 100 or at
least 250 or at least 250 or at least 1000 milliseconds).

In one use case, the frequent rheological and/or direct
measurement of peripheral blood vessel pulse (e.g. rheologi-
cal pulse) an the frequency synchronizing around these fre-
quent measurements may be useful for clinical situations
where the magnitude of motion artifacts (or any other ‘noise”)
fluctuates within a single pulse cycle. In one non-limiting
example, the subject moves his hand ‘half-way’ into a pulse
cycle—in this case, merely synchronizing around the ‘com-
mence pulse’ event at the beginning of the systolic phase may
cause erroneous PPG measurements of the concentration
parameter because it relies only on ‘outdated data.’

Reference is now made to FIG. 8B. In step S361, the PPG
data quality may be estimated according to a correlation
between PPG measurement data and DLS measurement (or
any direct peripheral pulse measurement or rheological pulse
measurement) data. For example, comparing FIGS. 5 and 6
demonstrates that the correlation is stronger during a rela-
tively low noise situation,” and the correlation is weaker dur-
ing a ‘higher noise situation.” Thus, itis possible to determine,
according to the strength of this correlation, the quality of the
PPG data at any time. In the example of FIG. 6, it would be
preferable to assign greater weight to PPG data acquired
during time periods “A” or “C” and to discard (or assign less
weight) to PPG data acquired during time period “B.”

In FIG. 8B, as with FIG. 8A (or any other technique for
utilizing rheological pulse data) it may be advantageous to
carry out step S365 according to values of and/or trends in
multiple DLS (or other direct or rheological pulse measure-
ments) measurement values per pulse cycle. This frequency
may be (i) at least 2 or at least 5 or at least 10 or at least 50
pulse events and/or rheological pulse measurements within a
single pulse cycle; and/or (ii) at least 2 or at least 5 or at least
10 or at least 50 pulse events and/or rheological pulse mea-
surements within a second. In some embodiments, these
pulse events and/or rheological pulse measurements may be
relatively ‘evenly spaced’ in time at a substantially constant
frequency.

Thus, in step S365, ‘good quality PPG measurements’
and/or measurements from ‘good PPG times’ are selected
and/or more heavily weighed. One example of step S365 for
the case of an experiment performed by the present inventors
is discussed below with reference to FIGS. 11B-11C and
12C-12E.

In step S369, the concentration parameter is computed
according to the data weighting and/or selecting of step S365.

Not wishing to be bound by any particular theory, in some
clinical situations, some types of ‘noise’ (i.e. noise for com-
puting a pulsatile arterial concentration parameter for
example oxygen saturation) may have a great detrimental
effect on the accuracy of pulsatile arterial concentration
parameter than other types of noise. For example, in clinical
situation, magnitudes of errors introduced by the presence
venous blood when measuring the pulsatile arterial concen-
tration may be less than or much less than magnitudes of
errors introduced by motion artifacts.

Not wishing to be bound by any particular theory, it is noted
that in some embodiments, the usage of multiple ‘rheological
pulse’ and/or ‘direct pulse’ measurements per pulse cycle (i.e.
rather than synchronizing around a single one) may allow for
a more accurate assessment of the pulse timing at different
points in time throughout the pulse cycle to the point where it
is possible to specifically measure the concentration of a
light-absorption related venous blood analyte concentration
parameter and/or a difference between (or quotient of or any
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other function of) a light-absorption related venous blood
analyte concentration parameter and a corresponding overall
blood and/or arterial blood concentration parameter value.

FIGS. 9,10A, and 10B illustrate non-limiting examples of
certain geometries that may be used for optical components
of the PPG and/or DLS apparatus. The term ‘light source
array’ 304 or ‘detector array’ 308 refer to one or more light
sources or one or more photodetectors. The PPG light source
array 324 may have at least two separate lights each light
emitting light of a different respective wavelength. In some
implementations, the PPG light source array 324 can include
two separate arrays 324 A and 324B, as shown by FIGS. 10A
and 10B. In another embodiments, the PPG light source array
324 may have only a single light configured to emit multiple
‘colors’—however, this might increase the cost of the device
in non-limiting embodiments. Another optical component
can be a PPG photodetector array 328.

In non-limiting embodiments, the DLS measurement is
‘single scatter DLS’ and/or the distance d,,, between the
locations of the DLS is relatively small. For example, d,
may be less than 5 mm or less than 4 mm or less than 3 mm or
less than 2 mm or less than 1 mm. In some embodiments, the
ratio between d,,,; and d,,,  is at least 2 or at least 3 or at least
5 or at least 7 or at least 10.

In the example of FIGS. 9, 10A and 10B, the PPG and the
DLS apparatus are ‘local to each other’ and acquirement
measurement data from substantially the same location onthe
patient. This is not a limitation. In one non-limiting example,
it may be possible to acquire PPG measurement data, for
example, from the subject’s left (right) hand and DLS (or any
other rheological and/or direct pulse measurement data) from
the subject’s right (left) hand. Hand-foot techniques or appa-
ratus (or other ‘non-local’ techniques or apparatus) are also
possible.

There is no limitation on the wavelength of incoherent or
coherent light that may be used. In some embodiments, the
coherent light may include wavelengths between 350 20 nm
and 1300 nm, for example, visible (for example, red) and/or
near infra-red (NIR) light.

In one non-limiting example, the coherent light is red and/
or NIR light which may be useful for determining a light of
read and blood oxygen saturation and/or a blood hemoglobin
concentration.

There is no limitation on the type of photodetector that may
be used. For example, it may be possible to use a silicon
detector for the range up to 1000 nm or InGaAS detector for
the range up to 1300 nm or CCD electronic camera as a
photodetector.

In the example of FIG. 9, one or more of the optical com-
ponents may be ‘re-used’ both in the DLS and the PPG. In one
example (see the bottom of FIG. 9) one or more of the light
source (e.g. a coherent light source such as a laser) may
function both for the PPG and the DLS measurements. For
example, it may be possible to rely on the fact that the DLS
probes relatively ‘rapidly fluctuating phenomena’ and gener-
ates measurement data according to ‘rapid trends.” In contrast,
the PPG probes ‘slower fluctuating phenomena.” Thus, in
some embodiments, it may be possible to electronically con-
trol a ‘shared light” 330 to first function with PPG, then to
function with DLS, and then to switch back. This may be
useful to reduce the cost of manufacturing the device.

Example 1

Computing a Blood Oxygen Saturation Parameter in
the Presence of Venous Blood

The present inventors have constructed a ‘wrist hybrid
PPG-DLS’ device and have collected data from this device.
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In FIG. 5 illustrates the results under relatively low motion
artifacts” conditions. Although there is indeed a good corre-
lation between the PPG and the DLS signal, it is nevertheless
possible to employ the DLS device to remove the ‘noise’ of
the venous blood. This technique may also be used to com-
pute a arterial/venous blood concentration parameter relating
the absolute and/or relative concentrations of arterial and
venous blood.

FIGS. 11A-11C relate to the differentiation between
venous and arterial components of the measured signal by
using the DLS. One important calculated parameter in the
pulse-oximetry is the so called Gamma (referred to as ‘IV in
the background section).

Gamma=(AC(red)/DC(red))/(AC(infrared)/DC(infra-
red).

Where AC is the pulsatile component of the signal and DC
is the total intensity of the signal. “Red” corresponds to the
signal being measured at wavelength of 670 nm and “infra-
red” corresponds to the signal being measured at 940 nm.

The calculated Gamma can be translated into the SPO2
(oxygen saturation) by using the universal calibration curve.
According to this calibration, for example the Gamma rang-
ing between 0.51-0.55 corresponds to SPO2 ranging between
99-96%, which is a normal value for the arterial blood. The
venous blood saturation corresponds to the Gamma ranging
about 0.8-0.9. Therefore, for the arterial blood reading of a
healthy patient we expect to get Gamma 0.51-0.55.

In the following example of the wrist measurement it is
shown that the measured Gamma was found about 0.65-0.68
which is beyond the normal range we expect for arterial
blood.

FIG. 11A illustrates the PPG signal measured from the
wrist during a certain measurement interval:

Based on this signal, at each few samples of the measure-
ment the Gamma value is calculated. Afterword, by using a
statistical averaging the average Gamma is calculated. The
calculated Gamma is transformed into SPO2, according to the
calibration curve.

FIG. 11B illustrated the distribution of Gammas being
measured from the all pulses during 60 second of measure-
ment. We can see that there the peak Gamma is about 0.65-
0.7. This peak is chosen as Gamma representing the SPo2 of
the patient during the measurement. Apparently Gam-
mas=0.65-0.7 is an erroneous reading because it’s far from
the arterial blood Gamma (0.5-0.55).

Now we demonstrate that by using DLS signal we can
decompose the histogram and to extract the right value of
Gamma.

We take only the window points where the DLS signal is
correlative with PPG signal near the crest points of the pulse.
For these points the distribution illustrated FIG. 11C.

It is now evident that the peak of the distribution moved
toward 0.5 which corresponds to real SPO2. This example
demonstrated how the DLS signal help to reveal and to extract
the measurement sessions which mostly represent the arterial
blood.

Example 2

Computing a Blood Oxygen Saturation Parameter in
the Presence of Motion Artifacts

This example relates to an experiment where motion arti-
fact where introduced (i.e. the subject moved his hand) after
about 10 seconds. It is possible to see the strong change of the
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signal affects the PPG signal after 10 seconds (see FIG. 12A).
The same signal may also be shown plotted together with
DSL.

FIG. 12B shows this plot for the first 6 seconds (not many
motion artifacts). FIG. 12C is the corresponding histogram
plot for the case of the first 6 seconds FIGS. 12D-12E relate to
the last 10 seconds during motion of the arm. In FIG. 12E,
certain PPG measurements are rejected (see, for example,
step S365 of FIG. 8B)—the histogram is ‘weighted.”

After taking into consideration the DLS signal by rejected
all uncorrelated with PPG values and by choosing an appro-
priated regions of PPG according to the 5 predetermined
limits of DLS value we get in the interval 10-20 second the
gamma histogram of FIG. 12E.

It is evident from the figures that not only the motion
artifacts but also venous blood artifacts have been rejected
and the peak value around 0.55-0.6 is achieved

Discussion of a Relationship Between DLS and Local
Pulse within the Peripheral Blood Vessel

Reference is made to FIG. 4. illustrating pressure wave
propagation in elastic vessel 100 filled by the fluid 101. Pres-
sure changes cause local movements of the fluid 101 and
vessel wall 102 in the form of a wave, so local velocity
gradient (shear rate) 103 oscillate.

The rheological effect is directly relates to the share rate
oscillations dueto the oscillatory pressure gradient originated
by the heart pulse. In oscillatory fluid movement, as blood
moves back and forth in response to the oscillatory pressure
gradient, the shear stress varies accordingly as a function of
time given by:

AV, 1
ar

1
T5(0) = —p(S) @

Where V (r, 1) is velocity of shearing of upper layer rela-
tively to the bottom layer,

AV, 0
ar

is shear rate or velocity gradient along the vessel radius r
(assuming each blood vessel is a straight circular cylindrical
tube) and u(S) is dynamically changing viscosity of the fluid
through the structural variable S.

The shear stress is translated to shear rate or velocity gra-
dient changes. Hence, each heart pulsation will be followed
by the changes in axial and radial velocities gradients over all
arterial vascular networks. In a system undergoing share rate
oscillations, the coherent light is scattered by the moving
RBC with axial and radial velocities distribution originated
by a pulsatile driven pressure. The Brownian motion effect is
negligible. The photo-detector placed in vicinity of the scat-
terers collects the speckled light which is further can be
analyzed.

The shear rate depends on variety of rheological param-
eters, such as blood viscosity, vessels elasticity and the actual
size of moving particles. The local axial velocity in oscilla-
tory fluid movement can be derived by:

VE LDV e (1= GHIE)(A))*AE)

Where G is an elasticity factor, f(t) is a periodic function of
heart beat frequency, T is a complex variable related to a radial
coordinates and A is a viscosity dependent variable. Taken the
elasticity factor G=1 for the small vessels of radius R, the
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velocity radial profile v(r,t) can be described in cylindrical
coordinates by the following relationship:

VD ™ (=G (/R =) *A0) [2]

where —1<(t/R)<1, which is driven by systolic pressure
wave and it is time phase-shifted with respect to the cardiac
cycle, £ represents the of blunting. For example, in 30 micron
arterioles, there is a range of § 2.4-4 at normal flow rates. If
£=2, a parabolic velocity distribution is obtained. Taken the
elasticity factor for small vessels G=1, the rms velocity dif-
ference across the vessel can be calculated by:

d 212 xd
AV = sy | SO
fdv(r)*dr

For small arterials (around 20 microns), the fluctuation of
velocity from systolic to diastolic phases ranges from 1.5
mm/s to 2.5 mm/s. This results in a very significant fluctua-
tion of standard deviation (rms) during the systolic-diastolic
cycle. Any kind of response to the changes of shear stress can,
therefore, be used for the heart rate derivation.

£xR?

=75¢ # Vi # f (1)

Reference is now made to FIG. 13 illustrating in a block
diagram the major components of the DLS based physiologi-
cal parameters measurement system 1200. The DLS system
includes an optical probe 1201 containing visible or near-
infrared light emitting element (e.g. laser) for generating at
least partially coherent light, and a photodetector which pro-
duces an output current varying in accordance with the inci-
dent light. Detected DLS signal data are transmitted to acqui-
sition module 1202, where they amplified and digitized for
the further processing. Then the data are transmitted to signal
processing module 1203. The signal processing module 1203
executes a heart rate and other needed physiological param-
eters calculation algorithm. The calculated physiological
parameters are displayed on display 1204.

Reference is now made to FIG. 14 illustrating a simplified
algorithm routine 1300 executed by the signal processing
module 1203. The entered data undergoes DC component
subtraction procedure S1301 followed by power spectrum
transformation S1302. Power spectrum transformation
allows further band-pass signal extraction S1303 in the fre-
quencies interval (f1, £2) of the pulsatile signal along with the
motion artifacts discrimination. Moving averaging procedure
S1304 with further trend elimination procedure S1305
enables clear pulsatile signal retrieving. Fourier transforma-
tion S1306 of the pulsatile signal results in the heart rate
pattern.

The power spectrum of DLS ranges between 500 Hz and
few kHz, thus the optical response to heart rate frequency is
broadened because of shear rate velocities profile. Thus, the
nature of the power spectrum processed using share stress
approach to DLS signal is totally different from the PPG
signal and trivial blood flow power spectrum. This enables to
recognize, differentiate and further eliminate noise and
motion artifacts.

In general, two standard approaches are commonly appli-
cable to an analysis of DLS signals. The first approach uses
the temporal autocorrelation of the intensity, and the second
approach entails the analysis of the power spectrum P(w) of
the detected signal. According to the first approach, the mea-
sured parameter is autocorrelation function
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i +1)

&(n) = e

which is related to the normalized filed correlate

(EOE" (7))

0= Eom

by g,(t)=1+p'Ig, () that is well-known Siegert relation.

Here {'is an adjustable parameter depending on the experi-
mental conditions, I(t) is the intensity at time tand < . . . >
denotes an ensemble average

For shear rate application the normalized field correlate
approximation can be written as:

where P(V)r) is an experimentally determined probability
function, V is a velocity difference

The measured autocorrelation function decay T, is gov-
erned by the velocity variations AV measured across the
blood vessels. If V(r) is the standard deviation of velocity
difference, then the decay time can be defined by:

According to the second approach, the power spectrum
presentation is used to process the detected signal. The power
spectrum of the measured signal can be constructed by using
a standard Fast Fourier Transformation (FFT) digital signal
processing algorithm. The total energy of a power spectrum
PwSJ[f1,2] is bounded in the frequencies interval (1, £2) and
can be evaluated by a simple summation. This value can be
used as a measure of changes which occurs during any physi-
ological processes.

FIG. 14 illustrates in steps S1301-S1306 various possible
techniques that may be applied.

Reference is made to FIGS. 15A-15F illustrating examples
of'raw-data DLS signal with and without motion artifacts and
its transformation into heart rate pattern. FIG. 15A illustrates
a motion artifacts free signal corresponding to shear rate
oscillatory changes over 20 seconds period obtained from the
DLS sensor. FIG. 15B illustrates a multi-stage frequency
analysis showing dominant frequency corresponding to heart
rate. FIG. 15C illustrates a processed signal corresponding to
heart rate pattern, FIG. 15D illustrates a signal with motion
artifacts corresponding to shear rate oscillatory changes over
20 seconds period obtained from the DLS sensor. FIG. 15E
illustrates a multi-stage frequency analysis showing domi-
nant frequency corresponding to heart rate. FIG. 15F illus-
trates a processed signal corresponding to heart rate pattern.

The PPG oxy-hemoglobin saturation measurement system
can be synchronized by the DLS derived heart rate pattern.
The system includes an optical sensor containing visible or
near-infrared light emitting element (e.g. laser) for generating
at least partially coherent light, a PPG optical sensor contain-
ing at list one visible and at least one near-infrared light
sources and at list one photodetector which produces an out-
put current varying in accordance with the incident light.
These optical sensor and PPG optical sensor can be integrated
on single board. Detected DLS signal data are transmitted to
a DLS signal acquisition module, where they amplified and
digitized for the further processing. Then the data are trans-
mitted to a signal processing module. In one’s turn, detected
PPG signal is transmitted to a PPG signal acquisition module,
where they amplified and digitized for the further processing.
The DLS signal processing module executes heart rate pattern
identification along with the motion artifacts discrimination.
Using the heart rate pattern, the signal processing module
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determines the timing for PPG signal processing executed by
the PPG signal processing module. In addition, motion arti-
facts data identified by the DLS signal processing module are
also transferred to the PPG signal processing module for the
motion artifacts subtraction and elimination procedure. Then,
oxy-hemoglobin saturation parameters are displayed on a
display.

Also, extracted motion artifacts signal from the power
spectrum is exploited for patient movements detection, which
can be utilized together with oximeter like additional channel
or being used as stand-alone device (actigraph).

Reference is made to FIG. 6 illustrating an example of
wrist-mounted medical device and specifically the DLS-PPG
sensor in more details. The DLS-PPG sensor is adjacent to an
inner part of a wrist and includes at least two light emitting
elements (e.g. lasers or LEDs) for generating at least partially
coherent light; optical arrangement including focusing optics
and possibly also collecting optics; and a detection unit (e.g.
at least one photo diode). The electronic circuit that controls
the illumination module (a driver) is located in a close prox-
imity of the illumination module. The amplifier is located
inside the enclosure of the DLS-PPG sensor to ensure that the
electronic noise will be minimal. In a non-limiting example,
one light emitting element may be a LED, and second light
emitting element may be a laser diode or VCSEL (vertical
cavity surface emitting laser). The light response i.e. the
reflected light returned from the localized patient tissue
region (patient’s inner side of wrist in the present example)
illuminated with the light emitting elements passes through
an optical window and is collected by a detector (for example,
one or more photo diodes) for the further processing by the
processing unit.

ADDITIONAL DISCUSSION

FIGS. 16A and 16B relate to FIGS. 7A and 7B without of
DLS—the additional wave-probing device may be used to
effect a rheological pulse measurement.

Examples presented above related to electrical impedance
measurements, acoustic measurements, optical (e.g. laser) or
acoustical Doppler measurements, speckle measurements,
frequency-shift measurements and any other rheological
measurement of the pulse may be relevant for FIGS. 16 A and
16B.

Electronic circuitry 218 or digital circuitry or any ‘data
processing unit’ may include any software/computer readable
code module and/or firmware and/or digital or analog hard-
ware element(s) including but not limited to a CPU, volatile
or non-volatile memory, field programmable logic array
(FPLA) element(s), hard-wired logic element(s), field pro-
grammable gate array (FPGA) element(s), and application-
specific integrated circuit (ASIC) element(s). Any instruction
set architecture may be used in digital circuitry 280 including
but not limited to reduced instruction set computer (RISC)
architecture and/or complex instruction set computer (CISC)
architecture.

All references cited herein are incorporated by reference in
their entirety. Citation of a reference does not constitute an
admission that the reference is prior art.

It is further noted that any of the embodiments described
above may further include receiving, sending or storing
instructions and/or data that implement the operations
described above in conjunction with the figures upon a com-
puter readable medium. Generally speaking, a computer
readable medium may include storage media or memory
media such as magnetic or flash or optical media, e.g. disk or
CD-ROM, volatile or non-volatile media such as RAM,
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ROM, etc. as well as transmission media or signals such as
electrical, electromagnetic or digital signals conveyed via a
communication medium such as network and/or wireless
links.

Having thus described the foregoing exemplary embodi-
ments it will be apparent to those skilled in the art that various
equivalents, alterations, modifications, and improvements
thereof are possible without departing from the scope and
spirit of the claims as hereafter recited. In particular, difterent
embodiments may include combinations of features other
than those described herein. Accordingly, the claims are not
limited to the foregoing discussion.

The invention claimed is:
1. Apparatus for measuring one or more light-absorption
related blood analyte concentration parameters of a mamma-
lian subject, the apparatus comprising:
a photoplethysmography (PPG) device for effecting a plu-
rality of PPG measurements of a subject by illuminating
skin of the subject with at least two distinct wavelengths
of light and determining relative absorbance at each of
the at least two distinct wavelengths of light;
a dynamic light scattering (DLS) device for effecting at
least one DLS measurement of the subject to rheologi-
cally measure a pulse parameter of the subject; and
at least one processor configured to:
compute, for each PPG measurement of the plurality of
PPG measurements, a correlation parameter between
the PPG measurement and the at least one DLS mea-
surement;

determine, based on the correlation parameter, a PPG
data quality value associated with the corresponding
PPG measurement; and

compute one or more light-absorption related blood ana-
Iyte concentration parameters by assigning greater
weight to one or more PPG measurements having a
higher PPG data quality value and lesser or no weight
to one or more PPG measurements having a lower
PPG data quality value.

2. The apparatus of claim 1, wherein the apparatus is a wrist
mountable device comprising the PPG device, DLS device
and the at least one processor.

3. The apparatus of claim 1, wherein the PPG device is a
reflection PPG device.

4. The apparatus of claim 1, wherein the PPG device is a
transmission PPG device.

5. The apparatus of claim 1, wherein at least one of the PPG
device and the DLS device comprises at least one light emit-
ting element.

6. The apparatus of claim 5, wherein the at least one light
emitting element comprises a light emitting diode (LED), a
laser diode or a vertical cavity surface emitting laser (VC-
SEL).

7. The apparatus of claim 5, wherein the DLS device and
the PPG device share the at least one light emitting element
such that the PPG measurements and the at least one DLS
measurement are effectuated using the at least one light emit-
ting element.

8. The apparatus of claim 1, wherein the one or more
light-absorption related blood analyte concentration param-
eters comprises a blood oxihemoglobin concentration param-
eter.

9. The apparatus of claim 1, wherein the one or more
light-absorption related blood analyte concentration param-
eters comprises a blood carboxyhemoglobin concentration
parameter.



US 9,149,216 B2

23

10. The apparatus of claim 1, wherein the one or more
light-absorption related blood analyte concentration param-
eters comprises an arteriovenous oxygen difference param-
eter.
11. The apparatus of claim 1, wherein the at least one
processor is further configured to:
determine, from the DLS measurement, data indicative of
a pulse timing;

associate, based on the data indicative of the pulse timing,
each PPG measurement of the plurality of PPG measure-
ments with a different respective pulse-relative time
value describing a pulse-relative temporal position of
the PPG measurement within the pulse; and

determine the one or more light-absorption related blood

analyte concentration parameters in accordance with the
pulse-relative temporal positions.

12. The apparatus of claim 11, wherein the pulse-relative
temporal position is indicative of a time elapsed between the
occurrence of a pulse event and the subsequent measurement
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time of PPG data, or is indicative of a time elapsed between
the measurement time of PPG data and an occurrence of a
subsequent pulse event.

13. The apparatus of claim 12, wherein the pulse event is an
initiation of the systolic phase.

14. The apparatus of claim 12, wherein the pulse event is a
peak of the systolic phase.

15. The apparatus of claim 12, wherein the pulse event is an
initiation of the diastolic phase.

16. The apparatus of claim 12, wherein the pulse event is a
zero-crossing of a time derivative of a pulse value.

17. The apparatus of claim 1, wherein the DLS device is
primarily a single scattering DLS device.

18. The apparatus of claim 1, wherein the DLS device is
primarily a multiple scattering DLS device.

19. The apparatus of claim 1, wherein the at least one
processor is configured to provide data indicative of a pulse
waveform based on the plurality of PPG measurements and
the at least one DLS measurement.
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